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Abstract 

We have used a double-immunolabelling technique on human carotid athero¬ 
sclerotic plaques to measure cell proliferation and type-I collagen gene expres¬ 
sion, using antibodies to proliferating cell nuclear antigen (PCNA) and type-I 
procollagen protein, respectively. Although cell proliferative activity and type- 
I collagen gene expression can occur simultaneously in the same cell, this is a 
rare event, and the vast majority of collagen-producing cells do not show pro¬ 
liferative activity. These two processes also tend to occur in separate locations, 
although they can coexist in certain regions of the plaque. This disparate loca¬ 
tion of these two important modes of plaque growth suggests that cell prolifer¬ 
ation and collagen gene expression may be under separate biological controls 
during the development and evolution of human atherosclerosis. 


Introduction 

Cell proliferation and extracellular matrix synthesis 
are assumed to be the main mechanisms of growth in ath¬ 
erosclerosis [1]. Since several growth factors which can 
stimulate smooth muscle cells to proliferate can also stim¬ 
ulate these cells to synthesize collagen [2-5], one might 
assume that these two processes occur in a simultaneous, 
coordinated fashion during atherosclerosis development. 
However, based on cell culture studies, the presence of a 
tight correlation between smooth muscle proliferation 
and collagen synthesis appears to be controversial. Some 
studies have indicated an inverse correlation between 
arterial smooth muscle,collagen synthesis and the prolifer¬ 
ative state [6,7]. Other studies appear to demonstrate, that 
proliferating smooth muscle cells have elevated collagen 
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synthesis (on a per cell basis), regardless of whether cells 
were rendered quiescent by density arrest or by mitogen 
deprivation [8]. This is in concert with smooth muscle cell 
phenotypic modulation from a contractile state to a syn¬ 
thetic state [9, 10]. Yet to the best of our knowledge, no 
previous studies have tried to correlate these two pro¬ 
cesses of intimal growth in actual human atherosclerotic 
material. 

Recently, we used an antibody to the proliferating cell 
nuclear antigen (PCNA), a cell cycle-specific protein [11, 
12], and an anti-type-I procollagen antibody, the cytoplas¬ 
mic precursor to mature type-I collagen [13], for separate 
studies of cell proliferation and collagen synthesis in 
human atherosclerosis. In the latter case, we found that 
type-I procollagen protein and mRNA were spatially cor¬ 
related in human atherosclerotic plaques and essentially 
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absent from normal arterial wall samples. We have there¬ 
fore used type-I procollagen protein presence as an index 
of active type-I collagen synthesis, and have chosen to 
study this particular collagen gene since type-I collagen 
appears to be the most abundant collagen form in human 
atherosclerosis. An underlying assumption of this paper is 
that immunostainable procollagen denotes sites of active 
mature collagen synthesis. This assumption appears rea¬ 
sonable given the correlation we and others have found 
between procollagen immunocytochemistry and mRNA 
detected by in situ hybridization [13-15], and its presence 
during the phase of active wound healing in skin [16]. In 
the present study, we applied a double-immunolabeling 
technique to human atherosclerotic plaque material to 
reveal the spatial correlations between cell proliferation 
and collagen synthesis on the same tissue sections. 

The following questions have been addressed. (1) Are 
arterial mesenchymal cells (smooth muscle-derived or en¬ 
dothelial) able to proliferate and produce collagen simul¬ 
taneously? (2) If yes, do the majority of type-I collagen 
gene-expressing cells also display proliferative activity? 
(3) Are mesenchymal cell proliferation and collagen syn¬ 
thesis spatially correlated within the plaque, possibly 
implying common growth regulatory factors? 

Materials and Methods 

Tissue Preparation 

We studied 12 human carotid artery plaques removed at the time 
of endarterectomy surgery. As control arterial tissue, portions of 11 
human internal mammary arteries, not used for coronary bypass sur¬ 
gery, were obtained. These specimens were fixed overnight in metha- 
nol-Camoy’s fixative (methanol:chloroform:glacial acetic acid in a 
60:30:10 volumne ratio), paraffin embedded and sectioned (section 
thickness was 5 pm). We received 1 plaque/patient, and placed repre¬ 
sentative portions (often the whole plaque, depending on its size) into 
1 tissue block (i.e. 1 block/patient). From each block, several serial 
sections were generated for hematoxylin eosin staining as well as. for 
the subsequent immunocytochemistry studies. When necessary, the 
specimens were decalcified in 2% L-ascorbic acid for 3 days, and this 
procedure did not appear to affect our immunostaining patterns. As 
positive tissue controls for PCNA and Ki-67 staining for cell prolifer¬ 
ation, human tonsil (for both of them) and rat small intestine (for 
PCNA only) were used. As positive tissue controls for procollagen-I 
protein expression, human hypertrophic scar tissue and cultured rat 
lung fibroblasts were used. They gave the expected well-localized pro¬ 
liferative and type-I collagen synthetic patterns, respectively (promi¬ 
nent staining among the interstitial crypt epithelium and tonsil follic¬ 
ular centers for PCNA, similar pattern of Ki-67 staining of tonsil 
tissue, and cytoplasmic staining among dermal fibroblasts for type-I 
procollagen, data not shown). These studies were approved by the 
Human Subjects Review Committee at the University .of Michigan 
(Ann Arbor, Mich., USA). 


Immunocytochemistry 

Sections from each sample were reacted with the following anti¬ 
bodies. Anti-PCNA (PC 10) antibody was obtained from DAKO Cor¬ 
poration, (Carpenteria, Calif., USA). For independent confirmation 
of PCNA data, we used MIB-1 monoclonal antibody (AMAC, Inc., 
Westbrook, Me., USA), directed against cell cycle specific Ki-67 pro¬ 
tein. Mouse anti-sheep procollagen-I amino-terminal monoclonal 
antibody SPI.D8 [17] was obtained from the Developmental Studies 
Hybridoma Bank maintained by the Department of Pharmacology 
and Molecular Sciences, John Hopkins University School of Medi¬ 
cine (Baltimore, Md., USA) and the Department of Biological 
Sciences, University of Iowa (Iowa City, Iowa, USA), under contract 
N01-HD-6-2915 from NICHD. The other anti-procollagen antibody 
used on these tissues, as a kind of independent confirmation of 
SPI.D8 data, was a rat anti-human procollagen-I amino-terminal 
monoclonal antibody (MAB1912, Chemicon International, Inc., Te¬ 
mecula, Calif., USA). This antibody gave the same immunocyto- 
chemical patterns of these arterial tissues, as did SPI.D8 (data not 
shown). Single-label immunocytochemistry was done using our pre¬ 
viously published protocols [13]. 

For double-label immunocytochemistry, sections were deparaffm- 
ized and, using 2% normal horse serum as diluent, the first primary 
antibody (PC 10, dilution 1:1000) was applied overnight at 4 °C. The 
secondary antibody incubation (biotinylated horse anti-mouse anti¬ 
body, dilution 1:1,000, from Vector Laboratories, Burlingame, Calif., 
USA) was for 3 h at 4° C followed by avidin-biotin amplification (ABC 
kit from Vector Laboratories) for 30 min. Incubation with 0.1 % 3'3' 
diaminobenzidine (Sigma Chemical Co., St. Louis, Mo., USA), H 2 O 2 
and nickel chloride at 37 °C for 5-10 min produced a black reaction 
product. After the first immunostaining procedure, the sections were 
washed copiously in PBS and the second primary antibody (SPI.D8 at 
1:10 dilution) was applied overnight at 4 0 C. The biotinylated second¬ 
ary antibody to the second primary antibody (biotinylated horse anti¬ 
mouse antibody, dilution 1:500, from Vector Laboratories) was then 
applied for 3 h at 4°C, followed by another 30-min incubation in 
streptavidin-alkaline phosphatase (from Vector Laboratories, diluted 
at 1:1,000) and then developed with the alkaline phosphatase sub¬ 
strate (alkaline phosphatase substrate kit I, from Vector Laboratories) 
which produced a red reaction product. Methyl green counterstaining 
was used to visualize.nuclei in the tissue sections. As controls for the 
immunostaining, reactions with normal mouse serum gave no specific 
staining of any structures (data not shown). Reactions to vimentin 
stained essentially every cell in the arterial tissue as expected (data not 
shown). Single labelling of representative serial sections separately for 
PCNA or type-I procollagen revealed that this double-immunolabel- 
ling protocol reliably reproduced the respective cell-staining patterns 
in the different plaque regions (data not shown). 

Morphometric Analysis 

To quantitatively study the distribution of PCNA- and procolla- 
gen-I-positive cells, tissue sections were studied by light microscopy 
at a 400 magnification, using the Image I system of computer color 
image analysis (Universal Imaging Corporation, West Chester, Pa., 
USA). Contiguous, nonoverlapping microscopic fields (200 ; x 200 
field size) were analyzed covering the whole specimen on the slide. 

Each field was scored for: (1) the number of procoUagempositive 
cells; (2) the number of PCNA-positive cells, and (3) the number of 
double-labeled cells. 

From this data set, we derived: (4) the number of fields contain¬ 
ing only procollagen-positive cells; (5) the number of fields contain- 
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Fig. 1 . Spatial patterns of cell proliferation and type-I collagen synthesis in human carotid plaque (according to 
double-label immunocytochemistry). Proliferating cells exhibit black PCNA-positive nuclei (product of the peroxi¬ 
dase reaction, arrowheads), collagen-I-producing cells exhibit red SPI.D8-positive cytoplasm (product of the alkaline 
phosphatase reaction, arrows). Light green counterstain shows PCNA-negative nuclei, a PCNA-positive cells in foam 
cell-rich region around necrotic core, x 326. b Procollagen-positive cells in the fibrous cap region, x 326. c PCNA- 
positive cells and procollagen-positive cells coexist in vascularized regions of the plaque. Star = Micro vessel, x 326. 
d Double-labelled cell. x815. 


ing only PCNA-positive cells, and (6) the number of fields containing 
both PCNA-positive and procollagen-positive cells. 

The data from all the specimens were pooled and Spearman’s 
rank correlation coefficient was generated to study the correlation 
between the number of procollagen-positive and PCNA-positive cells 
in each field, using statistical package True Epistat (Epistat Services, 
Richardson, Tex., USA). 


Results 

The hematoxylin eosin stains of all internal mammary 
artery samples revealed a normal arterial morphology 
with minimal to absent intima (0-2 smooth muscle-like 
cells were generally present between the endothelium and 


the internal elastica). The carotid plaques were all ad¬ 
vanced, complicated atherosclerotic plaques revealing ne¬ 
crotic cores, fibrous caps, frequent calcification, focal 
neovascularization, and occasional foci of intraplaque 
hemorrhage. 

As for single antibody labelling, sections of internal 
mammary arteries revealed no reactivity to either prolif¬ 
eration marker (PCNA or Ki-67 antigen). The carotid 
plaques revealed a very low level of reactivity to either 
anti-PCNA or anti-Ki-67 antigen antibodies (0-1% of 
nuclei). With the type-I procollagen antibody (SP1.D8) 
we achieved the same staining patterns as with the double 
immunolabelling described below. 
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Fig. 2. The number of procollagen-I-posi- 
tive cells vs. the number of PCNA-positive 
cells per microscopic field (455 fields ana¬ 
lyzed). Note: there were only 132 fields posi¬ 
tive for either procollagen or PCNA out of a 
total of 455 fields studied, putting the vast 
majority of fields at the origin. 



Double immunolabelling of the internal mammary ar¬ 
tery samples revealed neither PCNA nor type-I pro colla¬ 
gen immunoreactivity in any of the samples, in agreement 
with previous studies [11,13]. 

Double immunolabeling revealed the following classes 
of cells within the human carotid plaques (fig. 1): 
(1) ‘quiescent’ (showing neither PCNA nor procollagen-I 
staining); (2) PCNA-positive, procollagen-negative (fig. 
la); (3) PCNA-negative, procollagen-positive (fig. lb), 
and (4) double positive (fig. Id). The last category proves 
that in human atherosclerotic plaques, vascular cells can 
proliferate and synthesize collagen at the same time. 
However, this event is extremely rare. The percent of dou¬ 
ble-positive cells among procollagen-positive cells was 
only 0.68 % (5 of 734 cells). Therefore, although prolifera¬ 
tion and collagen synthesis can occur in the same cells, the 
vast majority of collagen-producing cells do not show pro¬ 
liferative activity. 

A graph, plotting the number of procollagen-positive 
cells per microscopic field vs. the number of PCNA-ppsi- 
tive cells in each of the same microscopic fields does not 
show any visually obvious (positive or negative) correla¬ 
tion (fig. 2). However, Spearman’s rank correlation analy¬ 
sis revealed a negative correlation between the numbers 
of procollagen- and PCNA-positive cells in each field (r = 
-0.4197, two-tailed p < 0.000001). Therefore, the more 
proliferating cells in a field, the less collagen synthesis can 
be expected. We recognize that the pooling of all of the 
microscopic field data from all the carotid plaques stud¬ 
ied assumes that each field measurement is an indepen¬ 
dent event, an assumption which may not be valid. How¬ 
ever, given that only 27.3% of all microscopic fields was 



□ Procollagen only 
m PCNA only 


Both procollagen and PCNA 
V%\ Neither procollagen on PCNA 


Fig. 3. Percent of microscopic fields containing at least one 
PCNA-positive and/or procollagen-I-positive cell (455 fields ana¬ 
lyzed). 


positive for either PCNA or procollagen, we pooled these 
data in order to obtain enough data points for a meaning¬ 
ful correlation analysis. 

The above analyses were applied to the whole plaque 
irrelevant to particular plaque regions. However, we 
found that at least four kinds of regions can be highlighted 
within the plaque (fig. 3): (1) containing only procollagen- 
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positive cells (10.02%, fig. lb); (2) containing only 
PCNA-positive cells (11.21 %, fig. 1 a); (3) containing both 
of them (6.11%, fig. Id), and (4) containing neither pro¬ 
collagen nor PCNA positivity (72.67%). Qualitatively, 
most ‘isolated collagen synthesis’ occurred in the fibrous 
cap regions (fig. lb), whereas most ‘isolated proliferation’ 
occurred in the foam cell-rich region around the necrotic 
cores (fig. la). Finally, collagen synthesis and cell prolifer¬ 
ation most often coexisted in vascularized regions of the 
plaque (fig. lc). 


Discussion 

This study of advanced atherosclerotic plaques from 
human carotid arteries again shows that ongoing plaque 
growth is focal and not a diffuse process occurring 
throughout the entire intima. As the data of fig. 3 indi¬ 
cate, 72.6% of the plaque shows no ongoing growth-relat¬ 
ed activity, either in terms of cell proliferation or type-I 
collagen gene expression (here used as a rough index of 
ongoing extracellular matrix production). The controls of 
these growth activities, and why only certain plaque 
regions appear to display ongoing growth, are not clear. 

At the cellular level we have shown that proliferation 
and collagen synthesis can occur in the same cell. How¬ 
ever, the vast majority of collagen-producing cells do not 
show proliferative activity. Therefore, it can be concluded 
that ongoing cell proliferation is not necessary for the 
upregulation of collagen-I gene expression in the same 
cell. Our data are consistent with several possible interre¬ 
lations between cell proliferation and collagen synthesis. 
For example, many of the procollagen-positive cells could 
recently have been in the cell cycle within the past few 
days, given that an estimated half life of PCNA protein is 
only about 20 h [18]. We therefore cannot deny a possibil¬ 
ity that cell proliferation plays a role in the initiation, 
rather than the maintenance of collagen synthesis, for 
example, via changes in so-called ‘smooth muscle cell phe¬ 
notype’ [9, 10]. It is also possible that in vivo processes 
leading to collagen synthesis, or the recently deposited , 
matrix, could have an inhibitory effect on cell prolifera¬ 
tion. 

Theoretically, certain stimulatory agents (growth sub¬ 
stances, mechanical factors, etc.) could influence both 
growth-related processes [2-5]. If this were the case, one 
might expect to see a close spatial association between 
these two processes (i.e. PCNA-positive and procollagen- 
I-positive cells should both colocalize in the same regions 
of the plaque). Recently we performed two independent 
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surveys onthe morphological feature correlates of cell 
proliferation and collagen synthesis in human atheroscle¬ 
rotic plaques [11-13]. For the relatively rare cell prolifera¬ 
tion, two features were highlighted: foam cell-rich regions 
and vascularized regions. For collagen synthesis, fibrous 
cap zones and vascularized regions were again high¬ 
lighted. This is in concert with our present double-label¬ 
ing data. The relatively small incidence of vascularized 
regions might help to explain the overall negative correla¬ 
tion seen in the current study. 

Moreover, relationships between cell proliferation and 
collagen synthesis in human tissues with a ‘salt and pep¬ 
per’ distribution of different cell types are far more com¬ 
plicated than in pure smooth muscle cell cultures. We pre¬ 
viously demonstrated that the largest category of prolifer¬ 
ating cells in human atherosclerotic plaque is represented 
by monocyte macrophages [11]. They, in turn, comprise 
almost the whole region around many necrotic cores and 
do not produce collagen. Thus the presence of proliferat¬ 
ing monocyte macrophages and possibly some T cells par¬ 
tially explains why many of PCNA-positive cells would 
not be expected to display collagen gene expression. At the 
same time, the proliferative rate of smooth muscle cells 
(the major cell type in the fibrous cap region) in human 
atherosclerotic plaques is extremely low (0-1% of carotid 
plaque cells exhibiting PCNA immunoreactivity vs. about 
15% of carotid plaque cells being positive for type-I pro- 
collagen protein [11-13]). This again suggests that cell 
proliferation and collagen gene expression are under sepa¬ 
rate controls in human atherosclerotic plaques. 

Vascularized regions demonstrate both PCNA and 
procollagen positivity. So, at least in one definite part of 
the plaque, two main growth-related processes occur to¬ 
gether. In human atherosclerosis, neovascularization of 
the intima is felt to be a common event, occurring rela¬ 
tively late in the development of the plaque, and often 
associated with complications such as thrombus or intra¬ 
plaque hemorrhage organization [19-23]. Such microves¬ 
sels are felt to come primarily from the adventitial vasa 
vasora, although occasional origin from the arterial lumen 
has been suggested. Recently, we also demonstrated that 
neovascularization plays an important role in the intimal 
growth in human arteriovenous fistulas, used for hemodi¬ 
alysis [24]. The PCNA index in microvessel-contained 
intimal fields was 5-6 times that of avascular fields. Dou¬ 
ble-label immunocytochemistry with anti-PCNA and cell 
type-specific antibody revealed that the vast majority of 
PCNA-positive cells was represented by microvascular 
endothelial cells, and surrounding pericyte-like smooth 
muscle cells. This close spatial association may be due to 
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possible angiogenic factors such as acidic fibroblast 
growth factors in vascularized regions of human plaques 
[25] and to the possible production of smooth muscle 
growth factors by endothelial cells in such regions [26- 
33]. Studies by other investigators have also shown that 
plaque microvessel-rich areas are notable for a promi¬ 
nence of proliferative activity [34]. Thus, neovasculariza¬ 
tion seems to be one of the major mechanisms of athero¬ 
sclerotic plaque growth both in terms of cell proliferation 
and collagen production. This might be in part because of 
growth factor production by actively growing endothelial 
and smooth muscle cells [35]. With respect to regional dif¬ 
ferences in patterns of collagen-I gene expression and cell 
proliferation, it.is likely that different mechanisms of 
growth control are switched on and off in different regions 
of the atherosclerotic plaque, at different times., 

To summarize, in human carotid plaques, prolifera¬ 
tion and collagen synthesis can occur in the same cells, but 
the vast majority of collagen-producing cells do not show 
proliferative activity. These two growth processes, while 


they can coexist in certain regions of the plaque, are gener¬ 
ally spatially separate. Thus although some growth factors 
can stimulate both processes among at least smooth mus¬ 
cle cells (e.g., platelet-derived growth factor, transforming 
growth factor-P), the spatial separation of these two pro¬ 
cesses in human atherosclerotic material suggests that 
they may be under separate growth stimulatory/inhibitory 
controls. An understanding of the growth factors involved 
in intimal proliferation and collagen synthesis may lead to 
effective methods for the treatment of atherosclerosis. 
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